ABSTRACT Campylobacter species is the most common human pathogen causing gastrointestinal infections in humans, and poultry is considered a major source of this pathogen. In this project, we aim to study the genetic diversity of Campylobacter populations within individual chickens using cecal samples to understand the nature of intestinal colonization in chickens by Campylobacter species. Genotyping was conducted based on the DNA sequence of short variable regions (SVR) in the flaA gene. Cecal samples were collected from 9 market-age broiler chickens and used for isolation of Campylobacter genomic DNA. The SVR fragments of 400 bp were amplified using SVR-specific primers, cloned, and sequenced. Sequencing results obtained from 86 clones (~10 clones/bird) showed that on an average 23.25% of clones had mutations within individuals. The mutations did not show any consistent pattern, suggesting a random nature of the mutations. When translated SVR sequences were analyzed, on average 20.57% of strains carried altered amino acid sequences in SVR within individuals. Four translated sequences had nonsense mutations to produce truncated proteins. These results suggest that there are multiple genotypes colonizing in a cecum and the occurrence of truncated FlaA protein may represent a novel mechanism for evasion of adaptive immune responses.
INTRODUCTION
Campylobacter species are a major cause of human foodborne diseases (Murphy et al., 2006) . Annually 2.1 to 2.4 million campylobacteriosis cases are reported in the United States (Altekruse et al., 1999) . The source of infection is often linked to the consumption of poultry meat due to high prevalence of Campylobacter in poultry and its products that is attributed to cross-contamination during production and processing (Pearson et al., 1993; Wirz et al., 2010) . Campylobacter jejuni and coli account for the majority of these pathogenic species. According to the Centers for Disease Control and Prevention, consumption of poultry products not cooked adequately, as well as unpasteurized milk, is a major reason for the rise of human campylobacteriosis cases (http://www.cdc.gov/nczved/divisions/dfbmd/ diseases/Campylobacter/). Colonization of Campylobacter species in broiler chickens varies with age and has low prevalence in younger chicks that generally goes undetected (Annan-Prah and Janc, 1988; Berndtson et al., 1996) . Colonization of Campylobacter occurs in 2 to 3 wk of age predominantly in the gut of the birds, which is not only persistent but also reaches extremely high levels of cfu in ceca, consequently transmitting within the flock (Shreeve et al., 2000) . Campylobacter species are ubiquitous in nature but lack general adaptive stress response, which impedes their survival outside the host gut; however, they are still found in all farm and wild animals, contaminated water, feed, and insects, which serve as potential reservoirs for these zoonotic bacteria (Burnett et al., 2002; Workman et al., 2005) . Campylobacter jejuni can also be transmitted to broiler chicks through several sources in the farm including trucks, forklifts, pallets, crates, and drivers' and catchers' boots (Ramabu et al., 2004) .
During the course of an infection, C. jejuni colonizing strains undergo a genetic drift independent of variation in host chicken, which may be linked to presence of multiple genotypes in a single chicken (Skanseng et al., 2007) . In this project our main aim is to study the genetic diversity in Campylobacter populations colonizing within the chicken gut. This will help us to understand the nature of colonization and give us a better understanding of multiple strain infection in a host. The flagella of Camplylobacter consists of flagellin proteins that are encoded by flagellin (fla) genes and is implicated in its virulence (Morooka et al., 1985; Newell et al., 1985; Black et al., 1988; Aguero-Rosenfeld et al., 1990; Pavlovskis et al., 1991; Nachamkin and Yang, 1992) . The flagellin, gene flaA (1,764 bp) consists of conserved and variable regions with 2 hypervariable regions, a short variable region (SVR) between 450 and 600 bp, and a large region between 700 and 1,450 bp (Meinersmann et al., 1997) . Molecular typing based on SVR of approximately 250 bp with at least 30% variability in Campylobacter species was able to discriminate between closely related species and has been successfully implemented in epidemiology and population dynamics (Fischer and Nachamkin, 1991; Waegel and Nachamkin, 1996; Meinersmann et al., 1997; Petersen and Newell, 2001) . We used DNA sequencing of the hypervariable region in the flaA gene as a convenient and sensitive molecular typing method to assess the genetic diversity of Campylobacter strains in chicken cecal microbiota. To our knowledge, this is the first study that looks at individual broiler birds for the genetic diversity of Campylobacter species colonizing their gut. Short variable region typing has been shown to have higher discriminatory ability than that of serotyping (Meinersmann et al., 1997; Ioannidis et al., 2006) and comparable with other molecular typing methods, considered as gold standards in molecular typing method such as the multilocus sequence typing (MLST) and pulsed field gel electrophoresis (Dingle et al., 2005) . However, SVR typing is a rapid and less labor-intensive molecular typing method that has been readily implemented in broiler environmental and epidemiological studies (Koenraad et al., 1995; Ayling et al., 1996; Camarda et al., 2000; Petersen and Newell, 2001; ElAdawy et al., 2013) . Many recent studies have highlighted the efficacy and reproducibility of flaA typing in characterization of Campylobacter mixed populations from various sources including chickens, humans, and environmental niches (Elvers et al., 2008; Lévesque et al., 2008; O'Mahony et al., 2011) . Also, the availability of the flaA database at Campylobacter pubMLST has not only made this typing method even more efficient but also aided in assessing the epidemiological relationships. Another study was able to relate the diversity identified by flaA SVR typing to SNP and binary typing based on genetic markers, further emphasizing the usefulness of flaA typing (Merchant-Patel et al., 2008) .
MATERIALS AND METHODS

Sample Collection and Preparation
Ceca were collected from 9 market-age broilers raised in standard conditions for poultry production (chicken #1-9). The collected samples were then transported to the laboratory on ice and cecal contents were aseptically removed from ceca. Cecal contents were then weighed, and serial dilution was carried out in sterile PBS (pH 7.0).
Media and Culture Conditions
Mueller-Hinton agar supplemented with cefoperazone (30 μg/mL) and trimethoprim (20 μg/mL) was prepared and used for the selective growth of Campylobacter species at 42°C for 48 h. One hundred microliters of sample from each serial dilution (10 −1 to 10 −10 ) was plated for each of the 9 birds and incubated under a microaerophilic atmosphere consisting of 5% CO 2 , 85% N 2 , and 10% O 2 .
Preparation of DNA Samples
Campylobacter colonies grown on the Campylobacterselective plate inoculated with the lowest serial dilution (10 −1 ) were swept off the plates for each cecal sample to obtain Campylobacter strains representative of the entire Campylobacter populations present in the cecal samples. Genomic DNA was isolated from each pool of Campylobacter cells using a DNA mini kit (Qiagen, Valencia, CA).
PCR Amplification
Each PCR reaction consisted of template genomic DNA, 5 μL of 1× buffer, 4 μL of 2.5 mM dNTP, 1 μL of 350 ng/μL for each forward and reverse primer, 1 μL of Taq DNA polymerase from NEB (New England BioLabs, Ipswich, MA), and ddH 2 O (double-distilled water autoclaved at 121°C for 20 min and stored at 4°C) to a final volume of 50 μL. The PCR cycling conditions varied for different applications. To confirm suspected Campylobacter colonies formed on Campylobacter-selective plates, colony PCR was performed using cycling condition of 94°C for 30 s, 49.5°C for 30 s, and 72°C for 60 s with Campylobacter-specific primers CjspAU2 (5′-AGGACTTGAACCTACTTTTC-3′) and CjspAR2 (5′-AGGTGGAGTAGTTAAAAACC-3′) described by Asakura et al. (2008) . For amplification of SVR fragments from Campylobacter genomic DNA, PCR was performed with primers FLA242FU (5′-CAAGWCCT-GTTCCWACTGAAG-3′) and FLA625RU (5′-CTATG-GATGAGCAATTWAAAAT-3′) described by Ridley et al. (2008) , using cycling conditions of 94°C for 30 s, 50°C for 60 s, and 72° for 3 min. Oligonucleotides were synthesized and obtained from IDT (Integrated DNA Technologies, Coralville, IA).
Cloning and DNA Sequencing
For DNA sequencing of PCR amplicons, PCR products were cloned into either TOPO cloning vector pCR2.1 (Invitrogen, Carlsbad, CA) or pGEM-T easy vector (Promega, Madison, WI), which were then transformed into Escherichia coli TOP10 cells. White clones were selected from Luria Bertani plates supplemented with ampicillin (100 μg/mL) and X-Gal (20 mg/mL). Plasmids were isolated from the selected clones using the Plasmid miniprep kit (Qiagen, Valencia, CA). The DNA sequencing of cloned PCR amplicons was performed using M13 F primer (5′-GTAAAACGACGGC-CAGT-3′).
Analysis of the Sequencing Data
Sequencing results obtained for SVR sequences were checked for quality to eliminate sequences containing any ambiguous nucleotides that may be present. Sequences were further trimmed to only include nucleotides within the 2 priming sites, FLA242FU and FLA-625RU, for further analysis and aligned with multiple alignment software ClustalW2 from the EMBL website (http://www.ebi.ac.uk/Tools/clustalw2/index.html). The flaA nucleotide sequences from the 86 clones were compared against the Campylobacter genome that are publicly available on National Center for Biotechnology Information GenBank database (11 complete genomes and 71 whole genome sequences) using Basic Local Alignment Search Tool (BLAST) as well as the Campylobacter pubMLST flaA nucleotide database (http://pubmlst.org/campylobacter/). Translation of the nucleotides was carried out using ExPASy (http:// web.expasy.org/translate/) and the resulting peptides were further compared against both GenBank and pubMLST FLA peptide database (http://pubmlst. org/campylobacter/). Phylogenetic analysis on both nucleotides and peptide sequences were conducted by neighbor-joining method using the p-distance method with bootstrap (1,000 replicates) in MEGA version 5 (Tamura et al., 2011) .
Nucleotide Sequence Accession Numbers
The annotated 86 flaA nucleotide sequences generated in this phylogenetic study have been submitted to the GenBank public database with accession numbers KC679696 to KC679781 (Table 1) .
RESULTS
Amplification of Campylobacter SVR Fragments
To determine if the colonies recovered from the Campylobacter selection plates represent Campylobacter species, a few randomly selected colonies from each plate were PCR amplified using Campylobacter specific primers, CjspAU2 and CjspAR2, along with C. jejuni genomic DNA (positive control). All the colonies that were tested resulted in amplification of the target fragments of ~630 bp, positive for Campylobacter species.
On average, 3.0 × 10 5 (3.0 × 10 4 to 9.5 × 10 5 ) Campylobacter colonies for each cecal sample were pooled together for PCR amplification, cloning, and sequence analysis of SVR in Campylobacter flaA gene. Amplification with flaA specific primers resulted in fragments with an expected size of 400 bp.
Analysis of Campylobacter SVR Sequence Data
Phylogenetic analysis based on the flaA sequences (approximately 10 sequences/sample) revealed mutations in 7 of the 9 broilers with an average of 23.25% variation within the SVR. Comparison of our sequences against the fla nucleotide database of Campylobacter pubMLST revealed that all of the chickens were dominated by Campylobacter species with allele 34 of the flaA gene in Campylobacter pubMLST database (Table  1) . However, we observed variations across the 86 SVR nucleotides suggesting the diverse Campylobacter population in the broilers, but without any specific patterns (Figure 1) . Overall, there were 15 nucleotides with transition mutations, 6 that underwent rarely occurring transversion mutations and 3 deletion mutations, of which only 2 mutations resulted in silent mutations ( Table 1 ). The BLAST results indicated SVR sequences similarity to 3 whole genome sequences, Campylobacter jejuni ssp. jejuni 51037 (gbAIPB01000145.1), C. jejuni ssp. jejuni 53161 (gbAION01000059.1) isolated from chicken host, and C. jejuni ssp. jejuni 1997-14 (AIPA01000056.1) isolated from human host ( Figure  2 ). Phylogenetic analysis on individual broiler ceca, further conducted, along with above mentioned reference genes, depict the co-colonization of Campylobacter flaA variants except broiler #2 and 4 that denote dominance of a single genotype. In broiler #1, a dominant genotype is observed as well except in 2 taxa; F1.10 shows occurrence of a transition mutation and F1.4 indicates more distantly related taxa due to occurrence of both transition and transversion (Figure 2a) . Similarly, SVR sequences analyzed in broiler #5, 7, and 9 (Figure 2c, 2e, and 2g) , indicate the existence of one variant each, implicating a majority of taxa belonging to a single genotype. We observed a lot more diversity in broiler #6 (Figure 2d) , with 7 flaA variants, followed by broiler #8 with 6 different taxa (Figure 2f ). Alleles 22 and 1341 along with dominant allele 34 of the flaA nucleotide were observed in in broiler #3, postreferencing the pubMLST database, which is observed with 5 flaA variants (Figure 2b ). These results may indicate the presence of multiple Campylobacter strains co-colonizing in chicken gut, implicating the diverse nature of Campylobacter species as well as occurrence of random genetic mutation in the host gut, probably as a survival mechanism.
Translated Nucleotide Sequence Analysis
Comparison of translated nucleotide sequences of the SVR sequences with the Fla peptide database at Campylobacter pubMLST resulted in the presence of peptide 1 in the majority of the clones (Table 1) . However, in all the broilers, the translated sequences due to random mutations in the SVR did not return a match in the database except for F8.14 with peptide 220, further emphasizing the simultaneous occurrence of these Cam- 1 Search against the Campylobacter pubMLST (flaA nucleotide and peptide) database (http://pubmlst.org/campylobacter/).
*Cells with asterisks indicate the phylogenetic variation observed within the data set, which was also found in the database. pylobacter variants in the hosts. These novel peptides observed in this study may be a result of immune response evasion. Additionally, we observed that certain mutations resulted in a truncated translated sequence proposing the occurrence of genetic drift within the host (Figure 3 ). Four peptides with premature stop codons, as a result of nonsense mutations, were observed in broiler #9, where a missing nucleotide (A) at position 40 in 3 clones (F9.2, F9.5, and F9.11) and broiler #6 where a transversion mutation (A to T at position 14) in F6.11 was found (Figure 3 ). Even though many genotypes manage to colonize the host gut, in all the broilers, we found predominance by a single Campylobacter genotype. The phylogenetic relationships among the flaA variants were inferred using the neighbor-joining method based on p-distance. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Codon positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons. The trees also indicate the close relationships to the strains Campylobacter jejuni 1997-14, C. jejuni 53161, and C. jejuni 51037 that were found as a result of BLAST of the flaA nucleotides. A-G: Phylogenetic trees for broilers 1, 3, 5, 6, 7, 8, and 9 , respectively, demonstrating the phylogenetic relationships between the variants and the dominant genotype. to the dominant genotype recovered from the broilers. Some variants from broilers 6 (F6.11) and 9 (F9.2, 9.5, and 9.11) demonstrate the truncated sequences due to mutations in flaA nucleotide sequences. The FlaA peptide sequence from broiler 8 is also included to illustrate the variation in F8.14 with peptide sequence 220 from the pubMLST database as opposed to peptide 1, which is the dominant phenotype.
DISCUSSION
The present work was aimed at understanding the diversity of Campylobacter spp. in individual chickens. Complete dominance of one genotype was observed in 2 out of 9 broilers that were sampled. Although it is possible that sequencing of more clones could reveal the coexistence of different genotypes, it is reasonable to conclude that these represent dominant genotypes in those chicken ceca. It has been previously demonstrated by many researchers that one strain of Campylobacter jejuni inhibits colonization of another strain (Konkel et al., 2007) and there is strong competition for colonization for which the mechanism is not quite understood. Another Campylobacter genotypic study by fla typing within commercial broiler flock demonstrated lower heterogeneity within the commercial broiler flock (Ertaş et al., 2004) . Although the diverse genetic nature of Campylobacter was seen in the 7 of the 9 broilers sampled, we may presume that in the 2 broilers (#2 and 4) colonization of one genotype was strongly preferred over co-colonization by other incoming strains.
Multiple C. jejuni genotypes coexist within commercial broiler flock and their ceca, attributable mainly to multiple environmental exposures and genetic drift. The occurrence of both intergenic and intragenic recombinations events at the fla gene, within the Campylobacter population, are also responsible for the genetic variation (Harrington et al., 1997; Thomas et al., 1997; De Cesare et al., 2008) . Results from broilers 5 and 7 suggest the close relationship between the main genotype and subtype with only a single base change. This random genetic mutation occurring in the chicken gut possibly resulted in variants colonizing the host gut, with little or no competition.
Campylobacter has been shown to have variable antigenic structure (Parkhill et al., 2000) , which is considered as a mechanism to evade the host adaptive immune response allowing stable colonization by multiple strains in the host with an adaptive immune response (Skånseng et al., 2007) . The flaA gene, important for Campylobacter virulence, undergoes spontaneous recombinations that may play an important role in antigenic variation, in turn leading to evasion of immune response (Alm et al., 1993; Wassenaar et al., 1995; Guerry, 2007) . In our study, we found 3 other chickens (3, 6, and 8) representing a greater genetic diversity with distant variants. Such diversity may have resulted from contamination through different sources, repeated accumulation of random mutations, or selection for adaptive mutations beneficial for cecal colonization. Phylogenetic analysis of translated nucleotide sequence (data not shown) coincided with the substitutions in the gene for almost all chickens. Translated nucleotide analysis in this study, also indicated presence of modified amino acid sequences including 4 truncated sequences, which may be a result of adaptive mechanism to avoid recognition by host immune system (Figure 3) . This being said, the colonization of the Campylobacter species might depend on host factors but the genetic drift in the colonizing strain, which does not show any mutation pattern within the chickens studied here, may depend on the mechanism adopted by the pathogen, which can explain the varied and random genetic diversity in different individuals.
Additionally, the BLAST result of the nucleotides show nucleotide similarity of our clones with C. jejuni 1997-14 (ST-5159), C. jejuni 53161 (ST-4838), and C. jejuni 51037, belonging to clonal complex 353. Many studies have reported clonal complex 353 to be one of the most common complexes to be recovered from chickens, and to which most human clinical isolates belong (Kinana et al., 2006; Ragimbeau et al., 2008; Sheppard et al., 2009a,b) . Translated sequence variation of SVR in F8.14 from glutamine to arginine, matched to peptide 220, is at the exact position in cj1997-14 (isolated from a human host) to lysine that is matched to peptide 5 in the Campylobacter pubMLST peptide database (Figure 3 ). Both arginine and lysine belong to the same class of amino acids with basic side chains, whereas glutamine consists of acidic side chains at neutral pH. This shift in peptide sequence may be a result of a survival mechanism by host immune evasion that may in addition render properties leading to colonization in a human host.
In conclusion, we found that the colonization of Campylobacter species depends on individual host chickens but may be influenced by many environmental factors. A high genetic variation among the Campylobacter populations from poultry birds has been reported from various geographical locations in recent studies, corroborating our results here (Colles et al., 2008; Oyarzabal et al., 2008; Giacomelli et al., 2012) . Genetic drift is a common occurrence within Campylobacter species, and one individual chicken may have a varied colonization pattern by the bacteria. This also explains the random mutation pattern that we observed in our studies. To establish the relationship between the host condition and genetic diversity of Campylobacter in ceca with higher confidence will require intensive studies resulting in comprehensive information of the Campylobacter genotypes present in a chicken host as well as different sources in the farm. Also, the limited resolution of the genotyping based on SVR sequencing in this study may have contributed to underestimation of true genetic diversity of Campylobacter species in chicken ceca.
